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Abstract. The X-ray mission Chandra has observed a dramatic X-ray flare { a brightening by a factor of 50 for
only three hours { from Sgr A*, the Galactic Center supermassive black hole. Sgr A* has never shown variability
of this amplitude in the radio and we therefore argue that a jump of this order in the accretion rate does not
seem the likely cause. Based on our model for jet-dominated emission in the quiescent state of Sgr A*, we suggest
that the flare is a consequence of extra electron heating near the black hole. This can either lead to bulk heating
of thermal electrons to Te ∼ 6 · 1011 K and signicantly increased synchrotron-self Compton emission, or result
from non-thermal particle acceleration with increased synchrotron radiation and electron Lorentz factors up to
γe >∼ 105. While the former scenario is currently favored by the data, simultaneous VLBI, submm, mid-infrared
and X-ray observations should ultimately be able to distinguish between the two cases.
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1. Introduction
Sgr A*, the compact radio core at the center of our Galaxy
(?; ?), has been perplexing modelers since its discovery
(?). In contrast to nearby LLAGN (?), Sgr A* was un-
til recently only positively detected as a radio source. Its
mass is determined at 2:6  106M within  0:01 pc (?;
?; ?) and its integrated radio luminosity has remained
steady within a factor of two (?), at  10−9 orders of
magnitude less than its corresponding Eddington lumi-
nosity. All models to explain the radio emission so far
have focused on radiative ineciency as the primary ex-
planation for this dimness, and are comprised mainly of
accretion/inflow solutions (?; ?) outflow solutions (?; ?,
hereafter FM00) and combinations thereof (?). A recent
review of Sgr A* can be found in ?).
Recently, Sgr A* was nally detected in the X-rays by
Chandra (?) with a rather soft spectrum. During the sec-
ond observational cycle, ?) detected an X-ray flare lasting
about 10 ks and with a peak luminosity  50 times higher
than the quiescent state (?). The averaged flare spectrum
after taking into account dust scattering is best t with a
power-law (spectral index   0:3), which is signicantly
harder than that of the quiescent state (  1:5). The
longest timescale (10 ks) corresponds to  390rs, which ar-
gues against thermal bremsstrahlung from the outer radii,
e.g. from a standard Advection Dominated Accretion Flow
(ADAF; ?). The smallest timescale in the flare is roughly
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600 s, suggesting activity at scales of  20rs, which means
the flare originated close to the central engine.
The variability and the spectral index of Sgr A* in
the X-rays are consistent with synchrotron self-Compton
(SSC) from the innermost regions near the black hole,
e.g., the nozzle of a jet (FM00; ?) or a magnetic dynamo
within the circularized accreting plasma (?). In this pic-
ture, the X-rays are inverse Compton up-scattered syn-
chrotron photons from the so-called submm-bump (?; ?).
Since the submm-bump is thought to be produced close
to the black hole, very short time scale variability (several
hundred seconds) was already predicted (FM00). In the
following we would like to explore the various scenarios
which could lead to a dramatic X-ray flare within the jet
model.
2. Models
We start with our basic jet emission model (?; FM00),
consisting of a conical jet with pressure gradient and noz-
zle. The parameters in the nozzle for the quiescent state
are determined from the underlying accretion disk as de-
scribed in ?). All quantities further out in the jet are solved
for using conservation of mass and energy, and the Euler
equation for the accelerating velocity eld. We take the
distance to the Galactic center as dgc = 8:0 kpc.
Clearly, in order to produce an X-ray flare, one or sev-
eral parameters had to have suddenly changed in Sgr A*.
In Figs. 2 and 3 in FM00, we showed how the radio and
X-ray spectra in the jet model change if one changes the
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magnetic eld { a similar result would be expected for an
increase in particle density { or the electron temperature
by a small amount. The former would be expected for an
increased jet power or accretion rate, which would result
in simultaneous flaring at all frequencies with little change
in spectral index. In the latter scenario, however, the X-
rays flare much stronger with a hardening of the spectrum,
because SSC is very sensitive to changes in electron ener-
gies. This type of fast heating could in principle occur
via instantaneous transfer of energy from the magnetized
plasma in the accretion flow to the radiating particles, e.g.
as would be expected from the sudden discharge of energy
in magnetic flares through reconnection (?).
It is, however, not clear whether the additional heating
through these processes necessarily retains a thermal par-
ticle distribution. In fact, non-thermal particle distribu-
tions are quite common in jets in AGN and X-ray Binaries
(XRBs), leading to the appearance of optically thin power
laws in the spectra. Observations of jets in XRBs (e.g., ?)
and some AGN (e.g., ?) seem to hint at a common type
of power law with typical spectral index of   0:6− 0:8.
While the exact mechanism is not yet rmly established,
rst order diusive shock acceleration can lead to an elec-
tron distribution with the index p  2− 2:6 depending on
the shock compression ratio (dNdE / E−p, see e.g., ?). Such
accelerated particles would result in a signicant increase
of optically thin synchrotron emission, with spectral slope
 = (p− 1)=2.
In the following we therefore explore three scenarios for
the origin of the X-ray flare: increased jet power or accre-
tion rate, increased bulk heating of relativistic particles,
or sudden shock acceleration of the particles.
3. Results
Since no simultaneous radio or mid-infrared observations
are available we include in our gures an \upper radio
envelope", showing the highest flux ever detected at each
radio frequency in long-term monitoring of Sgr A* with
the VLA (?). While it is possible that this type of X-ray
flare is so rare that it was never before captured by radio
observations, it seems statistically unlikely given the huge
radio database compared to only two cycles of Chandra
observations.
The eect of increasing the temperature or jet power
can be modeled quite easily by changing these parame-
ters respectively in our published model (FM00, but see ?
for the most recent parameters). Fig. 1 shows the predic-
tion for a) a jet power (/ B2) raised by a factor of  3:5
via increasing the jet nozzle magnetic eld B0 to  35 G
(which in turn increases the electron density ne, due to
equipartition assumptions), and b) an electron tempera-
ture raised by a factor of  3 to Te  6  1011 K with
respect to the quiescent values. The parameters were cho-
sen to match the amplitude of the X-ray flare data, shown
with its error box as well.
As expected, the model with an increased accretion
rate or jet power strongly over-predicts the radio flux by a
large factor. In fact, such a huge flare in the radio has never
been reported and in addition, the spectral index is far too
steep. The alternative scenario, with increased bulk heat-
ing, fares much better. The predicted radio flux is close to
already observed radio flare maxima and the X-ray spec-
trum becomes very hard during the flare. The model also
predicts signicant brightening in the mid-infrared (MIR)
range during the X-ray flare event, due to the shift of
the submm-bump to higher frequencies, thereby violating
many non-simultaneous MIR/NIR limits. ?) have tenta-
tively reported one NIR flare of Sgr A*, however, this has
not been yet conrmed.
The third scenario for the flare requires more discus-
sion, as it involves the eects of diusive shock accelera-
tion in the jet. This has been done already by ?), where the
scaled version of the jet model previously used to explain
Sgr A* (?; FM00) has successfully been applied to X-ray
binaries in the low/hard state by including shock accel-
eration. Because the low/hard state is characterized by a
very faint, possibly ADAF-like accretion disk as in Sgr A*,
the ambient photon eld is not strong enough to result in
signicant inverse Compton (IC) cooling, allowing shock
accelerated electrons to achieve rather high energies. It is
interesting to explore what would happen if one applies
an analogous model for Sgr A*, where the weak-to-absent
disk emission, in contrast to AGN and even most LLAGN,
would result in similar acceleration conditions.
Following ?) the particles would be accelerated up to a
maximum energy Ee,max = γe,maxmec2, which is reached
when the synchrotron loss rate equals that of acceleration.









where ush is the shock speed in the plasma frame. The
parameter  < ce=ush (?) is the ratio between the paral-
lel diusive scattering mean free path and the gyroradius
of the particle. It has a strict lower limit at  = 1 and is
typically under a few 102 (e.g., ?). For a magnetic eld of
20 Gauss as found in our model of the quiescent state, the
acceleration time scale is  0:1 sec for even γe = 105 elec-
trons, and hence is shorter than the dynamical timescale
at the black hole.







= t−1acc, the maximum energy achievable by
acceleration is then





where Ush is the velocity of the shock relative to the
plasma. If we dene as a reference value  = 2100, the
maximum synchrotron frequency is





where c ’ 34pi γ2e,max(eB)=(mec) is the critical synchrotron
frequency. This value is not dependent on the magnetic
eld, the jet power, or the shock location as long as we
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Fig. 1. Fit to the flare data of ?) (a) by raising the jet power by a factor of 3.5, and (b) by raising the temperature of the
electrons by a factor of 3, compared to the quiescent state model. The radio data and IR upper limits from the data set compiled
and presented in Melia & Falcke 2001. The upper radio points show the highest flux detected at that particular frequency, as
compiled by ?). The lower X-ray data show the quiescent state spectrum of ?).
are in the synchrotron cooling dominated regime. Most
importantly, it is high enough to give X-rays directly from
synchrotron. The particles responsible for the emission at
this frequency have γe  105 for B  3 Gauss and syn-
chrotron cooling time scales of tsyn  230 s which requires
re-acceleration along the jet but also allows rapid cooling
if acceleration is switched o.
We thus approximate the shock acceleration as con-
tinuous starting at a distance zsh. For X-ray binaries
we found that the shock acceleration must begin rela-
tively close to the nozzle at zsh  10 − 100rs where
rs = 2GMBH=c2 is the Schwarzschild radius (?; Marko et
al., in prep.). For Sgr A* we can easily constrain such an
acceleration region by back-extrapolating the X-ray flux.
Within a jet model the self-absorption frequency scales
inversely with the distance from the black hole; hence the
intersection of the optically thin power law with the flat
radio spectrum determines zsh as a function of the spectral
index.
If we then x for simplicity the fraction of accelerated
particles at 50% and keep the other parameters as in FM00
and ?) we can calculate the resultant model spectrum as
shown in Fig. 2. As the spectral index becomes harder for
a xed X-ray flux, the optically thick turnover must occur
at lower frequencies, i.e. further out in the jet. For a stan-
dard spectral index of   0:8 as typically seen in AGN,
the shock acceleration region must be at  16rs, which
is consistent with the observed time scales. However, the
assumed standard AGN spectral index is only marginally
compatible with the spectrum observed for the X-ray flare
which poses a problem for such a model. Taking on the
other hand the reported best-t X-ray spectral index at
face value would imply  = 0:3 and require zsh  104rg.
This is very far in comparison to other jet systems and
furthermore ruled out by the observed short time scales.
Fig. 2. Jet synchrotron t to the flare data of ?), other data
same as Fig. 1. The quiescent state disk is also included, here
contributing equally in the submm-bump. If, however, the ra-
diation from the inner edge of the accretion disk is further re-
duced by the transfer of matter to the jet, the overall submm
flux will be somewhat lower.
4. Discussion
We are able to explain the 10 ks flare in Sgr A* detected by
Chandra by heating the radiating electrons within the jet
model of FM00, either so they remain quasi-thermalized or
via the non-thermal process of shock acceleration. A flare
due to an increase in accretion rate appears very unlikely
because of the generally low level of radio variability.
Of the two remaining scenarios, the synchrotron case
is more intriguing because it oers a solution where the
X-ray flare occurs without a great eect on the lower-
frequency emission, consistent with the observed lower ra-
dio variability of Sgr A* over the last decades. At the
extreme end of the t, it can also explain the shortest
4 Marko et al.: X-ray Flare in Sgr A*
variations via the location of the shock or fast radiative
cooling, and predicts a spectral index consistent with that
seen in other AGN systems. Although the radio flux does
not change much for this case, the presence of the optically
thin tail would predict a signicantly larger radio prole
(more extended, optically thin jet emission; see FM00 for
a discussion of this point) on the sky and a shift of the
centroid of the radio emission. However, in the radio as-
trometric work of ?) no such shift has been detected so far.
Also, the observed X-ray flare spectrum is only marginally
consistent with the model.
Alternatively, the sudden bulk heating of hot (Te ’
6  1011 K) electrons by, e.g., magnetic reconnection, can
explain the X-ray flare via increased SSC emission, similar
to models for the quiescent state spectrum. The fast vari-
ability is explained by a small source size and outflow with
v  c leading to fast adiabatic cooling, while radiative
cooling is not as important (tsyn  5  104 for Te = 6  1011
K electrons in the submm-bump). In contrast to the shock
acceleration scenario, bulk heating ts the reported X-ray
spectrum much better, but also predicts signicant flaring
in the NIR-IR frequencies. The radio variability is larger
than in the synchrotron case, but still falls along the \en-
velope" of highest radio fluxes observed so far (Fig. 1).
While the SSC case is favored over pure synchrotron by
the currently available data, the scenarios can be easily
distinguished by means of simultaneous submm/MIR/X-
ray and VLBI observations in the near future.
The SSC model is very sensitive to the electron tem-
perature of the plasma. Assuming that protons have at
least the same temperature, as believed in an ADAF, one
can compare energy density of the plasma and the gravi-
tational binding energy, GMmpn=R, yielding
ΓnkbTGMmpnR−1 ’ 7:7 (600sec)
(
T 6  1011K (4)
for a M = 2:6106M black hole and a relativistic plasma
with Γ = 4=3 (e.g., ?) at a distance R = c from the black
hole set by the variability time scale. Under such sim-
ple assumptions the plasma would not be gravitationally
bound, which is consistent with the jet scenario.
As a nal note, it is interesting that essentially the
same model used to explain correlated radio and X-
ray emission in the low/hard state of X-ray binaries (?,
Marko et al. in prep) can work here. In fact, there exists
an \o" state in several XRBs, such as GX339-4 (see ?),
which appears to be a low/hard state with much weaker
flux. It is possible that Sgr A*, like its smaller cousins in
stellar binary systems, exists in two or more states over
its lifetime. The quiescent or \o" state which exists most
of the time may suddenly flare into an \on" state that is
somewhat analogous to the low/hard state of X-ray bina-
ries. For this rst-ever observed \on" state, it appears that
Sgr A* may have behaved|at least for a few hours|like
the jets in its more luminous (in Eddington units) cousins.
If particle acceleration rather than bulk heating is at work,
the Sgr A* jets may have become short-term cosmic ray
accelerators, possibly even producing detectable γ-rays via
the SSC up-scattered X-ray emission.
